OBJECTIVES: Small ventricular septal defects (VSDs) are considered to have great prognoses and most remain unrepaired. However, we have recently demonstrated lower functional capacity in patients with small VSDs compared with healthy peers. Using magnetic resonance imaging scans, we determined whether the functional capacity was correlated to the size of the shunt.
INTRODUCTION
Adults living with an isolated, small ventricular septal defect (VSD) are considered to have excellent prognosis [1] . Nevertheless, studies [2] [3] [4] have shown a high prevalence of late cardiac adverse effects that can possibly impact functional capacity. Consequently, our group recently investigated the functional capacity of adults with small, unrepaired VSDs and found a nearly 20% reduced peak exercise capacity compared with their healthy peers [5] . The reduced functional capacity in patients with small, open VSDs was previously mirrored in adult patients who were born with a large VSD that had been closed surgically within their first years of life [6] . Patients who were operated on for VSD were discovered to have a disrupted force-frequency relationship [7] and an abnormal ventilatory pattern during exercise [8] .
Our patient group had not undergone any surgical intervention. An apparent theory for the poor functional capacity could be linked to the persisting VSD. Magnetic resonance imaging (MRI) and real-time phase contrast enable blood flow measurements and are considered the gold standard for non-invasive flow measurement. MRI has specifically been validated with high sensitivity in detecting an intracardiac shunt ratio in accordance with other more traditional invasive techniques, as described in several studies [9] [10] [11] [12] [13] . We studied the same cohort of patients previously found to have poorer functional capacity. First, we wanted to confirm that the shunts in fact were considered small by determining their QpQs ratio using the MRI technique with flow measurements in the aorta and in the pulmonary artery. Next, we investigated whether a possible relationship could be established between the size of the shunt ratio and the functional capacity. Lastly, we examined whether any differences existed between patients and healthy controls in regards to vessel areas of the ascending aorta and the pulmonary trunk.
MATERIAL AND METHODS

Ethics
The authors declare that this study complies with the ethical standards of The Regional Committee on Biomedical Research Ethics of the Central Denmark Region (chart: 1-10-72-74-14), The Danish Data Protection Agency (chart: 2007-58-0010) and the Helsinki Declaration of 1975, revised in 2008, and has been approved by the respective institutional review committees. In consistency with Danish law, written informed consent was obtained for all participants at the beginning of the study.
Design and study population
From September 2014 to May 2016, 29 patients and 25 healthy controls were examined at Aarhus University Hospital, Denmark. The inclusion criteria were unrepaired VSD and echocardiographic follow-ups in outpatient clinics in our local area for intervals of 2-5 years. A letter of invitation was sent to all adult patients between 18 and 40 years of age who had been followed at our outpatient clinic with echocardiographic follow-up examinations of their small, open defects. Each included patient underwent a clinical examination and echocardiographic scans to exclude spontaneous defect closure since the last visit. Exclusion criteria included spontaneous closure of the defect, coexistence of congenital cardiac defects other than VSD, serious cardiac or pulmonary disease or a missing patient chart. As a reference group, healthy age-and gender-matched control subjects were sought through flyers and announcements on official Web pages. No incentives were given to the participants in the study. Patients and controls were included in random order during the study period. All participants began with the exercise test, immediately followed by an MRI examination on the same day.
Exercise testing
Each participant underwent an incremental bicycle test on an upright Lode Corival V R cycle (Lode Corival Ergometer, Groningen, Netherlands), combined with breath-by-breath gas analyses (Jaeger MasterScreen CPX V R , BD, Franklin Lakes, NJ, USA). The participants had been asked to abstain from food and coffee 2 h before the test. The analyser was calibrated before each test; weight, height and body composition, defined as lean body mass measured by bioelectrical impedance analysis (ImpediMed SFB7) as a percentage of the total body weight, were assessed for each participant. Depending on body mass, gender and habitual activity level (as assessed by the International Physical Activity Questionnaire [14] ) of each participant, a workload ramp was selected starting at either 25 watts or 100 watts, increasing with 10, 15 or 25 watts per minute. During the test, pulse oximetry, blood pressure and a 12-lead electrocardiogram were monitored. Each test lasted between 8 and 12 min, during which time the participant kept pedalling at a speed of 60-70 rounds per minute without talking or standing. The participant was strongly encouraged to continue until complete exhaustion. The test was considered valid if the respiratory exchange ratio, calculated as the volume of carbon dioxide uptake divided by the volume of oxygen uptake, was >1.1 at peak exercise. The following data were collected: peak oxygen uptake, maximal workload and ventilatory anaerobic threshold. The results from the exercise test were reported previously [5] .
Magnetic resonance imaging
MRI was performed using a 1.5T Philips Achieva dStream wholebody scanner equipped with 40 mT/m gradients with a slew rate of 180 mT/m per ms and software release R517 using an 18-cm surface coil and spine coil arrays. The cardiac rhythm was monitored with an integrated 4-lead electrocardiogram, and breathing frequency was measured with an air-filled belt fastened around the waist of the participant. At the beginning of each scan, standard scout images of the heart and surroundings were obtained in the transaxial, coronal and sagittal directions, respectively. Using an interactive MRI platform with single shot planning and clinical MRI guidelines, the left ventricular outflow tract was identified and an orthogonal plane was placed at the upper limit of the aortic bulb, approximately 2 cm above the aortic valve, thereby obtaining a transverse image of the ascending aorta. In a similar manner, the right ventricular outflow tract was located just above the pulmonary valve but proximal to the bifurcation, resulting in a transversal view of the pulmonary trunk. Then flow measurements were obtained using a free-breathing, ECG-triggered phase contrast sequence. The field of view was 300 x 300 mm and the pixel size was 2.3 Â 3.1 mm. Fifty cardiac phases were covered; the scan time was 2:30 min at a heart rate of 60 beats/min. The velocity sensitivity was 150 cm/s. The order of the scanning was randomized for the entire group of participants, ensuring that equal numbers of scans were performed starting with the aorta, then the pulmonary trunk or starting with the pulmonary trunk followed by the aorta, respectively.
Data analysis
A blinded, independent observer performed offline MRI analyses using the in-house-produced software Siswin, in which vessel contours of the ascending aorta and pulmonary trunk were traced manually using a four-point adjustable, elliptical regionof-interest tool. Cardiac output, heart rate and stroke volume were calculated as mean values from each sequence. Mean cardiac output from the pulmonary trunk and aorta was defined as the net amount of blood reaching the systemic circulation or the pulmonary arteries, respectively. Therefore, the mean cardiac output was defined as the mean blood flow across the scanning plane, which is a result of the mean forward flow subtracted from the mean retrograde flow [10] . Vessel diameters of the aorta and pulmonary trunk were calculated on the basis of the transverse areas from the traced vessel wall regions of interest. MRI scans from six randomly selected participants were evaluated independently and in a blinded manner by two experienced observers. Intraobserver variability was assessed by the primary observer using two repeated measurements of MRI scans from five randomly selected participants.
End points
The primary endpoints was shunt size (QpQs) calculated as the mean cardiac output from the pulmonary trunk (Qp) relative to the mean cardiac output from the ascending aorta (Qs). A correlation between the functional capacity, defined by the peak oxygen uptake from the bicycle exercise test, and the shunt size was assessed. The secondary endpoints included the cardiac index calculated as the mean cardiac output divided by body surface area using the Du Bois method [15] and the forward and retrograde blood flow per minute in the ascending aorta and pulmonary trunk, respectively. Additionally, MRI-determined vessel areas and the diameters of the ascending aorta and pulmonary trunk were assessed.
Statistical considerations
The number of participants needed in this study was estimated from power calculations based on peak O 2 results from a published work from our institution with a similar study setup [6] . We expected to find a difference in our study that was 80% of the previously found difference with the same standard deviations. With a statistical power of 90% and a significance level of 5%, we needed to include at least 19 participants in each group. Continuous, normally distributed data were reported as means ± standard deviations or otherwise as medians with 95% confidence intervals (CI). The unpaired Student t-test was used for normally distributed data; the unequal Student t-test was used for normally distributed data with unequal standard deviations; and the Mann-Whitney-Wilcoxon rank-sum test was used for non-normally distributed data. P-values <0.05 were considered statistically significant. The intraclass correlation coefficient (ICC) [16] was chosen for estimating the agreements of the inter-and intraobservers, respectively. These were assessed using a two-way mixed model for the differences between measurements. Correlation analyses were calculated using Pearson's sample correlation r. Statistical analyses were performed using StataIC 11.2 (StataCorp LP, College Station, TX, USA).
RESULTS
Study population
The clinical characteristics and demographics of all participants are displayed in Table 1 , showing similar characteristics in the two groups. No participants dropped out of the study. From the echocardiographic examinations performed at inclusion, the VSDs of the 29 patients could be divided into anatomical positions: 9 were muscular (5 mid-muscular and 4 apical) and 20 were perimembranous defects. None of the patients was found to have patent ductus arteriosus or major aortopulmonary collateral arteries. Furthermore, none of the participants demonstrated any significant mitral or tricuspid regurgitation. None of the patients had a history of arrhythmias or currently suffered from any arrhythmias. Only one participant, a patient, received prescription medicine (antidepressants at lowest dose). The self-reported habitual activity, divided into high-, moderate-and low-intensity levels [14] , did not differ between the two groups, who reported comparable amounts of time per week spent on physical activity [5] .
Exercise test
The results from the exercise test were described in detail previously [5] . In brief, patients demonstrated a peak oxygen uptake of 36.2 ± 9 ml/kg/min, which was lower than that of the control subjects, which was 43.8 ± 6 ml/kg/min (P = 0.002).
Magnetic resonance imaging
A total of 29 patients and 25 healthy controls completed the MRI test. The flow measurements are displayed in Table 2 . The patients' mean shunt ratio was 1.2 ± 0.1, which was larger than that of the controls (1.0 ± 0.1; P < 0.000). None of the patients had a shunt ratio of 1.5 or above. The aortic flows were comparable between the patient group and the control group, whereas the pulmonary cardiac index, forward flow and retrograde flow were higher in the patient group. An ICC of 0.77 was found for the intraobserver and an ICC of 0.79 for the interobserver variability, illustrating good agreement between the inter-and intraobserver measurements.
The size of the VSD was correlated with the exercise results and revealed a negative correlation between the shunt ratio and the peak oxygen uptake (r = -0.44 [95% CI -0.70 to -0.08], P = 0.020). Fig. 1 shows the correlation between peak oxygen uptake and shunt ratio in the patient group. No correlations could be demonstrated in the healthy control group (r = 0.07 [95% CI -0.32 to 0.42], P = 0.73).
The cross-sectional diameter and area of the ascending aorta and the pulmonary trunk are displayed in Table 3 . The diameter and area of the pulmonary trunk were larger in the patient group compared with the controls, whereas the aortic dimensions were similar between the two groups.
DISCUSSION
The current study generated two important findings. First, it showed a negative correlation between functional capacity and the size of the small, unrepaired VSD. Second, the MRI examination demonstrated higher pulmonary retrograde flow in adult VSD patients compared with healthy controls. This study additionally emphasized that the patients, who were previously found to have lower functional and aerobic capacities, all had an open defect with a QpQs below 1.5. An obvious question raised by these new details would be whether the guidelines for the QpQs cut-off level of 1.5 needs to be revisited. Unquestionably, the current study population is too small to directly answer this question. Still, when we combine our results with those of large registerbased studies [2] [3] [4] and other clinical studies [17, 18] , the findings could indicate that some of these adult patients experience a degree of cardiac limitation that could be a consequence of their open VSDs, all judged too small to require closure.
The mechanisms behind the symptoms are far from understood. From the study by Jablonsky et al. [17] patients with VSD with mean QpQs of 1.4 showed an abnormally low ejection fraction for both the right and left ventricles during strenuous exercise compared with healthy controls. Subnormal increases in left and right ventricular cardiac outputs were also demonstrated during exercise in adults with small VSDs found unnecessary to repair [18] . These results could be signs of chronic ventricular volume overload that only presents itself during exercise with a possible mechanism being an increasing left-to-right flow through the open, long-standing VSD along with intensifying exercise. Whether this is also the underlying mechanism behind our previous finding of reduced exercise capacity from our exercise study [5] remains to be determined.
Besides the size of the VSD, we also investigated both flow behaviour and vessel dimensions of the pulmonary trunk and ascending aorta. Our data on the aorta revealed no differences in area or diameter between the participants, and results were in line with reference values previously reported both by cardiac tomography and MRI [19] [20] [21] [22] . It is, however, interesting that the patients did not show a higher retrograde flow compared with the healthy controls, because aortic regurgitation is often linked to the unrepaired VSDs in follow-up studies [3, 4, 23, 24] . Another MRI finding is the increased pulmonary area and diameter in the long-term unrepaired, small VSDs. The area and diameter of the patients are within some reported reference MRI values [25] [26] [27] , although they are still larger than those of the healthy matched controls.
However, the large retrograde flow in the VSD patients combined with the elevated mean blood flow through the pulmonary trunk could help explain the previously found lower functional capacity in our patients. The small, open and long-standing shunt may have an effect on the pulmonary vasculature, resulting in the secondary findings of larger vessel area and retrograde flow. One theory is that, as the exercise intensifies, the pulmonary retrograde flow would also increase, which again could be a sign of a rising pulmonary pressure. This theory has previously been proposed in adolescent patients with surgically closed VSDs in whom a lower exercise capacity was observed [7, 28] along with an increase in right ventricular systolic pressure, interpreted as exercise-related pulmonary hypertension [29] . The mechanism behind the increased pressure could be abnormal pulmonary vascular resistance during exercise, which was further investigated by Brun et al. [30] . Through administration of the pulmonary vasodilator sildenafil, the previously observed increased pressure was expected to drop to normal; however, no effect was demonstrated, and the element of an abnormal pulmonary vasculature was underlined. Whether a similar pattern can be found in adults with long-term, unrepaired VSDs is unknown. Potentially, a large, open VSD a few years before surgery results in a high, but brief, pulmonary hyperperfusion that affects the pulmonary vasculature in the same fashion as living 20 to 30 years with a small, open defect resulting in ongoing, low hyperperfusion. Still, more research on adult patients with small, unrepaired VSDs is therefore warranted in order to further understand the function and change in pulmonary blood flow in response to exercise.
Limitations
MRI blood flow measurements of the pulmonary artery are associated with some difficulties, because the pulmonary trunk varies greatly among participants, both patients and controls. In some participants, a short pulmonary trunk combined with an MRI taken while breathing freely can cause the transverse scan of the vessel to be out of plane, past the division into the left and right pulmonary arteries, and possibly running the risk of underestimation of flow. However, measurements are equally difficult in patients and healthy controls. The higher retrograde flow in the pulmonary artery in the VSD patients therefore represents a difference from the normal healthy state.
Matching between patients and healthy controls will always be a matter of concern because it is impossible to guarantee perfect matching between groups. Nonetheless, we have two similar groups in all measured demographic parameters.
CONCLUSION
We found that the size of the shunt in patients with small VSDs with a QpQs below 1.5 is negatively correlated to the functional capacity. This result indicated that some of these small, unrepaired VSDs are not without haemodynamic influence as previously thought. A closer follow-up routine in the health care system should be carefully considered because the pathophysiological mechanisms behind the small defects are far from understood and the long-term clinical consequences are unknown.
